Introduction
The threat of climate change has been increasingly discussed at an international level, with greenhouse gas emissions from fossil energy sources being at the forefront of governmental concerns. Transportation, industrial processes and other commercial sectors have been linked to an increase in the greenhouse effect through their release of carbon dioxide, even though the influence of other gases should not be underestimated. The annual carbon dioxide (CO 2 ) emissions from all transport increased by 17 The past 20 to 30 years have seen a significant restructuring of logistics networks for many companies, as they strive to reduce costs while improving customer service levels. In the context of transport, there has been a particular focus on improving vehicle fill and reducing the distance vehicles travel. While traditionally, attention has concentrated on outbound logistics, increasingly inbound distribution is also considered (Cubitt, 2002) . Not only do these changes bring about internal benefits to companies, but also create wider benefits to society, leading to a reduction in external costs and its impact on the environment.
Logistics network redesign involves different decisions that attempt to optimize the number, location and allocation of service providers, flow of goods and modal selection etc. 
Interestingly, reduced environmental impact frequently results as direct aim, or as a by-

Figure 1. UK Carbon dioxide emissions for road transport (DfT, 2007b).
This paper aims to explore the relationship between total logistics costs and environmental impact, using a traditional cost-based optimization approach on a Pan -European case study from automotive industry (Hammant et al., 1999) . This data was previously evaluated from an economic perspective only and identified the optimum network design at two distribution centres. Taking an environmental perspective gives us new insights. We will consider the impact of strategic and operational level decisions simultaneously, focusing on inventory and transportation costs versus the environmental impact in terms of CO 2 emissions from transportation and non-domestic buildings such as depots. The calculation of CO 2 emissions from transportation considers vehicle type, utilization and vehicle speed. We use a supply chain network design application for our simulation with optimization based on costs alone.
Attention is also paid to the sensitivity of our solutions when changes in key model
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4 parameters, such as vehicle utilization ratios (90%, 75%, 60%) and supply chain structure (number of depots), occur.
The paper is organized as follows. In Section 2 we present the literature review regarding logistics restructuring and how this affects the wider environment. Environmental impact from transportation and depots is also discussed. In Section 3 we present an overview of the case study, along with details of the method adopted for calculating CO 2 emissions. This leads to the presentation and analysis of the results, from which wider implications for management and policy makers are highlighted. Finally, conclusions are drawn.
Literature Review
Logistics restructuring and the environment
Since the 1980s, the development of supply chain management has resulted in managers becoming increasingly focused on the demands of their customers. Initiatives such as lean production have resulted in companies looking to deliver ever higher levels of customer service, while minimising the cost impact (Towill, 1996) . Logistics operations have been required to handle smaller and smaller shipments through their networks while maintaining efficiency. As a consequence of this, it has been necessary for companies to reconfigure their logistics operations. These have been categorised by McKinnon (1998) into four main areas:
• Logistics structures -relates to the configuration of the distribution network and the choice of distribution channel. Control of this network also comes within this area.
• Pattern of trading links -determines the geographical spread of the logistics structure.
Recently, moves towards outsourcing abroad have seen supply chains lengthen.
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• Scheduling of product flow -affects the movement of products through the network and determines the size of the shipments to be made. Developments in this area include continuous replenishment and just-in-time deliveries.
• Management of transport resources -decides the actual transport requirements for particular shipments, and may include issues relating to modal choice.
All of the above decisions are likely to affect the transport requirements for an individual organisation, in terms of the distance, speed, frequency and timing of deliveries (Drewes Nielsen et al., 2003) . Traditionally, such changes would only influence the outbound logistics operations of a business (Gustin et al., 1995) , with inbound movements being viewed as the responsibility of the supplier. However, nowadays, there is a focus on this inbound network, as companies recognise the potential synergies that exist between them (Cubitt, 2002 ).
There are a number of examples within the published literature of how the efficiency of logistics operations can be improved, while also delivering environmental benefits. The consolidation of small shipments is a popular approach to reducing transport costs, and has particularly been used within the grocery industry in the UK (Fernie et al., 2000) .
Consequently, load consolidation has resulted in a reduction in the distance vehicles travel of around 20% (McKinnon, 1998).
Infrastructure modelling for network design.
Physical infrastructure of the network, such as numbers, locations and capacities of depots has a direct affect on freight transport operations (McKinnon and Woodburn, 1994 • Travel-related factors -these depend on the trip taken and distances travelled and vary for different vehicle operating modes. The speed and acceleration of the vehicle and load on the engine over the distance of the trip also have impact.
• Driver behaviour, such as smoothness and consistency of vehicle speed.
• The physical highway network characteristics, such as long grades, signalized intersections and volumes of traffic entering the traffic flow.
• Vehicle characteristics such as fuels, engine size, vehicle condition. Depots have a very important role in the logistics network design. They are used for stocking products or as an exchange point for transportation modes to service their stores or customers.
Greenhouse gas emissions in buildings arise from direct burning of fossil fuels to produce electricity and heat. The energy consumption of non-domestic buildings, such as depots or warehouses depends on the type of the product being stored. The storage of frozen and chilled goods would involve having a special storage space, which would involve higher energy consumption. DEFRA (2005) provide UK conversion factors for different fuel types, such as electricity and natural gas to convert available energy data into CO 2 equivalent data. In the UK electricity is generated mainly by the burning fossil fuels such as coal, natural gas and oil; whereas in other countries the main supply could come from different sources. For example, nuclear power dominates electricity production in France. Therefore, different electricity conversion factors need to be applied to the available energy data.
Method
To explore the relationship between total logistics costs and environmental impact in terms of CO 2 emissions for strategic modelling in the logistics network, there is a need for an that the optimum design is most at risk from the uncertainties associated with inventory holding stocks and delivery frequencies rather than customer volume changes and transport tariffs.
Modelling economic costs.
To model our logistics networks, we use a commercially available supply chain design application CAST-dpm ® (by Radical, nowadays known as CAST-NV by Barloworld Optimus). This is the same package that was used in the original study by Hammant et al. A c c e p t e d m a n u s c r i p t 12 As previously mentioned, the simulation model is based on the case study of an automotive aftermarket Pan-European distribution network. The network operates through different countries such as the UK, France, and Spain involving a large number of businesses and substantial operating distance. Throughout Europe, the company has around 550 suppliers and 10,000 customers. The case study is purely road transport based and does not take into account freight movements by sea or rail, although to join up with the UK road network a ferry or rail/tunnel journey would be used. All the input data, which was used in our model, was taken from the original case study, apart from the transportation data that we generated ourselves, as it was not available from the original source. Table 2 summarizes the input data used for the simulation model. Note that the total logistics costs derived from our design, are different to the original paper because we used different transportation data. The aim of this research is not to replicate the original case study, but to show our methodology and analysis of the trade-offs between the total costs and their environmental impact of cost-based optimization.
Table 2. Simulation model's input data based on Hammant et al. (1999).
To analyse the relationship between total logistics costs and their environmental impact from transportation and depots, two different scenarios were considered for strategic modelling. For the first scenario, we used a centre of gravity method to determine the centroid locations of the distribution centres in the network. For the second scenario, the original locations from Hammant et al. (1999) were used to derive network related costs and distances travelled. The original locations are the real physical depots existing in the network. In this scenario, we aimed to replicate the total logistics costs curve from the original case study, which identifies the optimum network design at two depots. 
Centre of gravity modelling
Two different scenarios were considered for current study for strategic modelling: original published locations with optimum design of two depots and centre of gravity scenario. The centre of gravity approach is one of the well-known heuristic methods in facility location analysis. It indicates the centroid locations that minimize the total transportation cost.
Traditionally, transportation rate and the point of volume are the only location factors in this approach (Ballou, 1998) . The method provides a good estimation to the least-cost solution.
However, a certain amount of location flexibility has to be exercised by the decision-maker because of geographical obstacles, such as sea, mountains etc. The current network modelling software offers two alternatives for centre of gravity modelling: cost centre of gravity and volume centre of gravity. The cost centre of gravity model attempts to minimize the total transportation cost; whereas the volume centre of gravity attempts to minimize the total A c c e p t e d m a n u s c r i p t 14 distance travelled (Radical, 1999). There has been much research on centre of gravity techniques to try and overcome the inherent problem of finding sub optimal locations (Ballou, 1973) . These techniques generally focus on an individual depot and therefore do not take into account inter depot movements. CAST-dpm ® allows for the use of multiple depots, but does not account for inter depot movements in the centre of gravity modelling. The cost based centre of gravity was used with a limited number of scenarios, but these generated similar results to the volume centre of gravity. Therefore, due to time constraints and the similarity of results the latter technique was used. As can been seen from Figure 2 the centroid depots locations for UK and France have not moved too far from the original locations due to the high supply and demand volumes in those areas. The other distribution centres have changed locations, which reflect current customer's and supplier's demands.
Figure 2. Depots locations (five depots scenario).
Modelling CO 2 emissions.
After establishing the base design for each scenario, we used two determinants, supply chain structure and vehicle utilization factor as key decision variables for this research, to analyse the potential for reducing CO 2 emissions at the micro level. These factors and others impact on the respective key ratios identified by McKinnon (2007) to influence CO 2 from freight transport. Supply chain structure has a direct impact on the two key ratios: handling factor and average length of haul. Handling factor is a crude measure of the number of the links in the supply chain, where the weight of the goods is converted into freight tonnes-lifted. Therefore, for our research, the supply chain structure was reflected in the reduction of the total number of depots in the network: from five depots down to one depot, decrementing in steps of one.
Vehicle utilization has a direct impact on reducing vehicle traffic. Increasing vehicle utilization allows businesses to cut the number of vehicles on the road, which brings both Average deck utilization of the vehicles, for pallet networks was 73%, for non-food 51%, and for food retail 53% (DfT, 2007a). Therefore, as the purpose of this research is to analyse the trade-offs between total costs and emissions, we used vehicle utilization factors at 90% (the 'ideal' vehicle utilization); at 75% (approximation from the average deck utilization for pallet network) and at 60% (average weight-based utilization for articulated vehicles).
When using strategic modelling techniques to calculate CO 2 emissions from transportation and depots, it is important to establish boundaries for those estimations. To calculate CO 2 emissions from transportation, we will only consider the amount of goods being transported over the distance travelled. Our method does not take into account the life cycle assessment of the product from "the cradle to grave". For the present work, we use the outputs from the supply chain network design application, which runs over a particular period of time and establishes the network related costs and travelled distances for different vehicles types for a particular output period of 52 weeks. Hence, our estimates for CO 2 emissions cover the same period of 52 weeks. As mentioned previously, the case study described in this paper is purely road transport based and does not take into account freight movements by sea or rail. Figure 3 represents the overall method with data requirements for each scenario. The result of all calculations for different vehicle types, with an average speed of 54 mph is presented in Table 3 . Table 4 ). The same assumptions were applied to data generated for other countries. Therefore, the fuel consumption for each vehicle type, vehicle payload and road class was adjusted accordingly to the percentage of difference shown in Table 4 from the base case described in step 1. 
A c c e p t e d m a n u s c r i p t
Results
Identifying the optimum number of depots and their positions is of fundamental importance, if one is to lower total costs and ensure an appropriate level of customer service. In the current study, delivery, collections and inter depot movements are taken into account for calculating overall transportation costs and distances. There is a trade-off between inventory and transportation. Figure 4a and 4b show the results of Pan-European distribution network modelling and the effect that decreasing the number of the depots in the logistics network has on the transportation and inventory costs. Transportation costs are a function of both distance and time related factors, which include fixed and operational (distance related) costs. We can observe that the transportation costs decrease as the number of facilities decreases until it is A c c e p t e d m a n u s c r i p t 19 reaches the point when it starts increasing again, due to the longer travel distances to the nearest depot. The inventory costs decline as the number of facilities decreases due to the lower levels of inventory. As you can see from Figure 4a , the optimum number of depots for cost-based optimization in the centre of gravity scenario equated to three depots. Figure 4b shows the optimum number of depots for cost-based optimization equated to two in the original locations scenario, where depots are located at the real physical locations. By changing the vehicle utilization from 60% to 90% for the optimum design in the centre of gravity scenario we observe a decrease in total logistics costs of 8.9 %. A slightly larger decrease of 12.9 % is seen in the optimum design for original locations scenario.
Unfortunately, 90% vehicle utilization is not a very realistic figure in the real world. By comparing the more practical levels of 60% and 75% vehicle utilization, we can see a 5.5%
total logistics cost decrease for the centre of gravity locations scenario and 7.5% decrease for the original locations scenario. while the optimum based on distribution costs is three depots for the centre of gravity locations scenario and two depots for the original locations scenario. Similar observations are produced for 75% and 60% vehicle utilization. Note, that in the latter scenario, for 90% vehicle utilization the difference between the three and two depots design resulted in a reduction of total logistics costs by 8.8%; transport costs decreased by 1.4% and total vehicle kilometres travelled based on % laden weight of the vehicle increased by 0.67%, which is almost negligible.
Earlier we discussed the impact of vehicle utilization on total logistics costs. Now we will assess the impact of cost-based optimum network design on the total vehicle kilometres travelled based on % weight laden of the vehicle. For the centre of gravity locations scenario, changing from 60% to 90% in vehicle utilization show a decrease of 22% in distance travelled (km) and 27% for the original locations scenario. Changing the vehicle utilization from 60%
to 75% has produced a reduction of 13.1% in distance travelled (km) for the centre of gravity scenario and 16.1% for original scenario. As discussed in Section 2.3, levels of emissions directly relate to different factors, including distances travelled, the load of the engine over the distance and the speed of the vehicle. The described factors are incorporated into our calculations of the emissions which give more accurate figure of estimating the impact. As you can see from Figure 6a the optimum design based on total CO 2 emissions for the centre of gravity scenario is three depots for all vehicle utilization ratios. The increase in vehicle utilization from 60% and 90% shows a reduction of 10.6% in transport related CO 2 emissions and for vehicle utilization from 60% to 75% a reduction of 6.8% can be observed. Figure 6b shows that for the original locations scenario the optimum design based on CO 2 emissions is two depots for 90% vehicle utilization and three depots for 60% and 75 % vehicle utilization. Analysing the difference in CO 2 emissions A c c e p t e d m a n u s c r i p t 22 between three and two depots for the original scenario, we can see that there is only a 0.57% decrease for 90% vehicle utilization, which is almost negligible. For 75% vehicle utilization, an increase of 0.55% in CO 2 emissions can be seen and for 60% vehicle utilization an increase of 1.62 % can be observed. The analysis shows that for cost-based optimum design at two depots for the original locations scenario, the changes from 60% and 90% in vehicle utilization produce a reduction of 16.3% in transport related CO 2 emissions. For vehicle utilization from 60% to 75% there is a reduction of around 10%.
From our analysis we identified that environmental impact from electricity in depots in our case study was negligible and had little effect on the overall result of calculating CO 2
emissions. This was mainly due to the product not requiring any specific storage temperature.
Conclusion
This paper aimed to analyse the relationship between total logistics costs and their environmental impact in terms of CO 2 emissions from transportation and electricity usage in depots when using a traditional cost-based optimization approach. Our simulation model was based on a Pan-European network from the automotive sector taken from an original study by Hammant et al. (1999) . The present paper describes a specific case study and does not attempt to generalize the results of the analysis. Nevertheless, we believe that our results highlight the following issue: the optimum solution for reducing costs does not necessarily equate to the optimum solution for reducing CO 2 emissions. Furthermore, our findings indicate the optimum design of a distribution network is highly sensitive to the level of vehicle utilization.
Due to the increasing global climate change, the paper makes a case for considering environmental and economical objectives simultaneously.
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To analyse the relationship between total logistics costs and their environmental impact from transportation and depots we considered two different scenarios for strategic modelling: a centre of gravity locations scenario and a scenario using the original published locations with optimum network design consisting of two depots. The cost-based optimization for the centre of gravity scenario identifies the optimum number at three depots based on total logistics costs and CO 2 emissions. In the original locations scenario, the optimum design of cost-based optimization equated to two depots for total logistics costs and two/three depots for CO 2 emissions. The latter proved to be sensitive to the vehicle utilization ratios, even though there is a very small difference in transportation costs and vehicle kilometers between three and two depots. The methodology for calculating CO 2 emissions takes into consideration speed of the vehicle, vehicle type and vehicle utilization. The study based on original location also indicates that increasing vehicle utilization by 15% could bring economic savings in total logistics costs (7.5%) as well as environmental benefits reflected in reduction of total vehicle kilometers traveled (16.1%) and reductions of transport related CO 2 emissions of around 10%.
Therefore, due to the increasing environmental concerns, it's important to incorporate environmental objectives as part of logistics design and correctly estimate vehicle utilization ratio factors for emissions calculations, to allow the decision-maker to make an informed and objective decision regarding network design.
The current study has several limitations. Firstly, only one case study has been analysed, which makes results dependent on the data used for evaluating CO 2 emissions. Secondly, the assumptions regarding transportation data also limits the study because in the supply chain a wider variety of vehicles are used to transport commodities. Also, the lack of specific fuel 
